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Abstract 
The rapid charging and/or discharging of electrochemi-
cal cells can lead to localized depletion of electrolyte 
concentration. This depletion can significantly impact 
the system’s time dependent resistance. For systems 
with porous electrodes, electrolyte depletion can limit 
the rate of charging and increase energy dissipation. 
Here we propose a theory to control and avoid electro-
lyte depletion by tailoring the value and spatial distribu-
tion of resistance in a porous electrode. We explore the 
somewhat counterintuitive idea that increasing local 
spatial resistances of the solid electrode itself leads to 
improved charging rate and minimal change in energy 
loss. We analytically derive a simple expression for an 
electrode resistance profile that leads to highly uniform 
electrolyte depletion. We use numerical simulations to 
explore this theory and simulate spatiotemporal dynam-
ics of electrolyte concentration in the case of a superca-
pacitor with various tailored electrode resistance pro-
files which avoid localized depletion. This increases 
charging rate up to around 2-fold with minimal effect on 
overall dissipated energy in the system. 
 
1. Introduction 
Electrochemical systems are commonly used in situa-
tions which strongly benefit from the rapid storage of 
energy,1 including time sensitive charging situations for 
electric vehicles,2 storage of short lived energy surges as 
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in regenerative braking,3 and capacitive deionization 
(CDI) applications where increasing throughput is essen-
tial.4 System resistances, particularly series resistances, 
can have a strong impact on both charge/discharge time 
and dissipated energy. Constant voltage charging of a 
simple capacitor in series with a resistance provides a 
useful example. For fixed resistance, the charge stored 
by the capacitor asymptotically approaches a maximum 
value following an exponential dependence with a time 
constant equal to the product of series resistance and 
capacitance ( = 𝑅𝐶).5 Consequently, electrochemical 
system design has traditionally sought to reduce all 
sources of resistance,6 including solution resistance, 
electrode resistance, and in some cases, contact re-
sistance between the electrodes and current collectors. 
Solution resistance generally dominates compared to 
resistance of electrode or current collector materials.6,7 
 Supercapacitors are representative of electrochemi-
cal systems designed for fast charging and high power 
densities, and employ strategies to minimize series re-
sistance. The thickness of spacer layers between the 
electrodes is minimized to reduce solution resistance for 
ion transport. Likewise, electrode thickness is minimized 
to reduce ion transport resistance through the depth of 
the porous electrode. Contact resistance between elec-
trode and current collector is minimized by a variety of 
collector surface preparations and electrode deposition 
techniques.6 The standard design philosophy has been 
Broader context 
Electrochemical systems, including batteries and supercapacitors, are essential in energy storage. The distribution and 
transport of ions in electrolytes permeating porous electrodes often controls the performance of these devices. In particu-
lar, the local depletion of charge carrying ions can dramatically increase the resistance of the system, due to rapid ion 
removal from solution by the electrode, or due to ionic migration limitations under electric fields in the solution. This in-
crease in local resistance can slow charging and discharging response of the system and leads to high electric fields in the 
device, with consequences for failure modes such as dendrite growth. Here, we consider the interplay between electronic 
conduction in the electrode matrix and ionic conduction in the pore space. By tailoring the spatial distribution of resistance 
in the electrode matrix, we show the potential to control ionic concentration evolution in the pore space, and specifically 
to eliminate localized electrolyte depletion. This approach holds potential for improving time response of charging (as 
shown here) and discharging. We here propose to accomplish this by the highly counterintuitive tactic of increasing elec-
trode resistance (in a carefully tailored manner) while minimally affecting overall device efficiency.  
2 
to maximize the conductivity of both current collectors 
and electrode materials.  In this paper, we will challenge 
this design principle. 
 Local solution conductivity variations can also se-
verely impact overall performance. As an electrochemi-
cal system is charged or discharged, ions are removed 
from or added to solution resulting in solution conduc-
tivities which evolve in time and space. Localized deple-
tion of the electrolyte may significantly increase the net 
series resistance of the cell by introducing a choke point 
which limits charging rate. For example, electrolyte de-
pletion can be important in a number of battery chem-
istries, such as Li-ion, operating at high currents8–10 and 
in supercapacitors.11 Likewise, the ability to deplete the 
working solution forms the basis of CDI.4 Significant de-
pletion of electrolyte has a substantial effect on the 
charging response of the system.12  
 Depletion depends on electrolyte concentration and 
the charge storage capacity of the electrode. The ulti-
mate limit for electrolyte concentration is set by its sol-
ubility in the solvent, particularly at low operating tem-
peratures, but other constraints often further limit elec-
trolyte concentrations including cost and decreasing 
conductivity with further solute addition.  Many electro-
chemical systems use solutions based on organic sol-
vents in order to allow larger operating voltages with 
negligible electrolysis.13 Organic carbonates are popular 
solvent choices.14 Lithium hexafluorophosphate (LiPF଺) 
salt is the most commonly used electrolyte in Li-ion bat-
teries,15 while tetraethylammonium (TEA, (CଶHହ)ସNା) 
tetrafluoroborate (TFB, BFସି) salt is commonly used for 
supercapacitors.16 Electrolyte concentrations are com-
monly limited to ~1 mol/L.16,17 
 Due to their high charge storage capacity, battery 
electrodes are usually capable of significant or complete 
local depletion of the electrolyte solution. This may be 
due to consumption of species in the electrochemical 
reaction (e.g. SOସି in lead-acid cell discharge)18 or elec-
tromigration of passive electrolyte species that do not 
participate in the reaction (e.g. PF଺ି in Li-ion cells).8 
Commercial intercalation electrode materials for Li-ion 
batteries can show volumetric capacities that are many 
times the electrolyte concentration, exceeding   
26 mol/L and 16 mol/L for cathodes and anodes, re-
spectively, based on the total electrode volume.19 High 
volumetric capacities exacerbate electrolyte depletion. 
Newer materials under development show capacities 
that are dramatically higher still. Local electrolyte distri-
bution has been measured directly during operation us-
ing magnetic resonance imaging in supercapacitors20 
and lithium batteries.21 
 Substantial depletion can also occur with current su-
percapacitor electrode materials, and the potential for 
depletion is compounded by recent advances in elec-
trode materials, which have dramatically increased elec-
trode capacitance and/or pseudo-capacitance along 
with energy storage capability. Fang and Binder ob-
tained specific capacitance of 160 F/g in carbon aero-
gels treated to improve their hydrophobic character.22 
Kim et al. showed specific capacitance of 170 F/g for 
aligned carbon nanotubes in acetonitrile with 1 mol/L 
TEA-TFB.23 Chmiola et al. measured volumetric capaci-
tance of 180 F/cmଷ for thin (~2 μm) films of carbide 
derived carbons in organic electrolytes.24 Yan et al. 
showed specific pseudo-capacitance of 1020 F/g in 
1 mol/L LiClOସ/CHଷCN.25 For a symmetric capacitor, 
the maximum total-volume-averaged (not local) change 
in concentration of ions in the pore volume can be writ-
ten as 
∆𝑐 =
𝐶𝑉௠௔௫
2𝐹(2𝑝௘ + 𝑝௦𝐿௦/𝐿௘)
 , (1) 
where 𝐶 is volumetric capacitance, 𝑉௠௔௫ is the maxi-
mum cell voltage (split evenly in each electrode), 𝐹 is 
Faraday’s constant, 𝑝௘  is porosity of the electrodes, 𝑝௦ is 
the porosity of the spacer, and 𝐿௘ and 𝐿௦ are respec-
tively thickness of electrodes and spacer. As an example, 
for specific capacitance of 250 F/g, apparent density of 
0.4 g/cm3, porosity of 80%, 𝑉௠௔௫ of 3 V, and 𝐿௘ of 
200 μm and 𝐿௦ of 100 μm, the maximum concentration 
change (Δ𝑐) is 0.78 mol/L (i.e. 78% depletion of a 
standard 1 mol/L electrolyte). Newer pseudo capaci-
tive materials would allow removal of electrolyte many 
times the solubility limit. 
 We note that the extremely large capacity of the 
electrodes for batteries, which provide volumetric stor-
age of species rather than only the surface action of ca-
pacitive systems, further exacerbates localized deple-
tion effects. Beyond the effect on charge/discharge 
rate, depletion has potentially important consequences 
for battery safety. Depletion has been implicated in the 
transition to dendritic lithium growth and consequent 
shorting in cells with lithium metal anodes.26 
 In this paper, we present what is to our knowledge a 
new design principle for electrochemical systems: the 
decrease and the tailoring of electrode conductivity to 
control and avoid local depletion of electrolytes and to 
increase charging rate of the system. We begin with an 
introduction to our approach based on a transmission 
line circuit model describing the essential coupling of 
distributed electrolyte and electrode conductivities. We 
present a numerical model based on detailed porous 
electrode transport theory, and use this model to study 
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spatiotemporal dynamics of electrolyte conductivity in 
the spacer and electrode pores. We then derive an ana-
lytical form of electrode conductivity for uniform salt 
adsorption and show that a spatially variable and de-
creased electrode conductivity profile avoids local de-
pletion and increases charging rate by ~2-fold. Lastly, 
we show the effect of electrode conductivity on energy 
dissipation and the negligible effect of our tailored elec-
trodes on overall resistive loss. 
 One potentially important phenomena that we do 
not consider here is conduction along the surface of the 
electrode matrix resulting from the high ionic concen-
tration in the double layer. This effect has been shown 
to allow enhanced charging kinetics in porous elec-
trodes.27 Such conduction can help ameliorate the effect 
of electrolyte depletion in the bulk solution by providing 
an alternative ionic conduction path. However, the sur-
face conduction path must be continuous throughout 
the electrode to significantly improve charging kinetics, 
which may limit its effect in many electrodes such as 
those formed by compacted powders with poor contact 
between particles. Furthermore, systems storing charge 
via Faradaic reactions, such as battery electrodes, will 
not generally display enhanced surface conduction. 
 
2. Effect of electrode conductivity on transport dy-
namics 
We here introduce the effect of electrode conductivity 
on salt adsorption dynamics using a transmission line 
analogy. As argued in the introduction, the specific spa-
tial and temporal profile of ion removal from the elec-
trolyte is intimately tied to the resistance and capacity 
of the rest of the electrochemical system. The response 
of these systems involves a complex interplay between 
electromigration and diffusive transport of electrolyte 
species throughout the porous structures of the elec-
trodes and spacer. Figure 1 shows a useful schematic for 
study of temporal response and dissipation within a su-
percapacitor where each element represents a small 
thickness of the electrode or spacer (see e.g. Bisquert28 
or de Levie29). In response to an applied voltage, ionic 
current flows in the solution permeating the electrode 
and spacer, where it experiences non-uniform ionic re-
sistances (𝑅௜௢௡,௜) which depend on the local concentra-
tion of electrolyte. Electric double layers sequester ions 
from solution where they are balanced by electrons (or 
holes) in the electrode material, thus charging the local 
capacitive element (𝐶௜) and intimately coupling the ionic 
current to the electronic current. The electronic current 
flows through the electrode to the terminal. Typically, 
the resistances in the electrode are represented as uni-
form and negligibly small compared to the electrolyte 
resistance.  
 Indeed, as we have mentioned, electrochemical sys-
tem designers often work to minimize all resistances in-
cluding electrode materials, making the latter assump-
tion accurate. To introduce our approach, we here con-
sider appreciable and non-uniform electrode re-
sistances 𝑅௘௟௘௖,௜. In traditional designs where        
𝑅௜௢௡,௜ ≫ 𝑅௘௟௘௖,௜ for any location, the path of least re-
sistance for the ionic current is to charge the nearest ca-
pacitive element (left-most element) favoring fast and 
near-spacer local conversion of ionic to electronic cur-
rent that can escape to the terminal (lower right node) 
with minimal resistance. Under these conditions, charg-
ing of the electrode starts near the spacer and then pro-
ceeds into the depth of the electrode only when the ca-
pacitive elements near the spacer have been signifi-
cantly charged. The depletion of the ions in solution will 
occur at the interface of the electrode and the spacer. 
For example, Suss et al.30,31 and Hemmatifar et al.32 
demonstrated this effect for flow-through and flow-be-
tween capacitive deionization, respectively. 
 Depletion of ions accompanying charging of the elec-
trodes can dramatically change the local solution re-
sistance, and the resulting spatially non-uniform solu-
tion conductivity can have significant effects on the time 
Figure 1. Transmission line model for a supercapacitor. Ca-
pacitor is symmetric about the indicated centerline on the 
left, with one electrode and half of separator represented. 
Current enters as ionic flux from the left and flows as ionic 
current through solution, represented by resistors, 𝑅௜௢௡,௜. 
The ionic current flows through the pore space of the elec-
trode and charges local capacitive elements, 𝐶௜. The local ca-
pacitive elements can be interpreted as regions where ionic 
current is converted to electronic flux. Electronic current 
flows through the solid matrix of the electrode (𝑅௘௟௘௖,௜), and 
total electronic current is collected at the terminal (node on 
bottom right). We here propose increasing values of 𝑅௘௟௘௖,௜
and tailoring their spatial distribution to uniformly charge the 
electrochemical device (avoiding ion depletion in real sys-
tems).  
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response for charging of electrochemical systems in-
cluding supercapacitors with high specific capacitance 
or low electrolyte concentrations. This effect has also 
been demonstrated at the pore scale.33,34 As we show 
here, improving uniformity of charging can largely elim-
inate ion depletion and improve the time response of 
these systems. 
 
3. Concept of reduced and non-uniform electrode 
conductivity for better performance 
We here propose to improve the uniformity of charging 
by decreasing and tailoring the conductivity profile of 
the electrode. The principle is straightforward. First, we 
decrease the conductivity of the electrode near the 
spacer. This forces ionic current to penetrate deeper 
into the electrode before being converted to electronic 
current via charging of the electrode. Second, we use 
this principle to create a distribution of conductivities 
which makes charging approximately uniform and thus 
preventing depletion near the electrode/separator in-
terface. As we shall show, this counterintuitive modifi-
cation of decreasing electrode conductivity leads to no-
tably improved charging time response with negligible 
effect on dissipated energy. 
 As we discuss in the next section, spatially uniform 
conversion of ionic to electronic current (e.g. coupling 
via displacement current through capacitive double lay-
ers) requires electrode conductivity similar in magni-
tude to the solution conductivity. Importantly, this de-
crease in electrode conductivity necessarily increases 
Ohmic losses in the electrode. However, we will show 
that this increased dissipation is approximately offset by 
the gain of avoiding Ohmic losses in the electrolyte as-
sociated with ion depletion. Hence, our approach of de-
creasing electrode conductivities can result in minimal 
overall energy penalties while substantially accelerating 
the charging speed.  
 
4. Porous electrode model capturing a system with 
non-uniform electrode conductivity 
We use macroscopic porous electrode (MPE) theory35–37 
to model the behavior of supercapacitors during charg-
ing and discharging. In the framework we develop here, 
for simplicity, we consider a binary and symmetric elec-
trolyte with equal anion and cation diffusion constants 
and equal electric mobilities. This assumption results in 
geometric symmetry about the midplane of the cell. We 
treat a one-dimensional model of the cell normal to the 
midplane. We also consider an isothermal system at 
25 ℃. 
 Our formulation is based on MPE theory, meaning, 
transport equations are volume averaged. The volume 
averaging is performed over a scale substantially larger 
than pore features but small compared to the macro-
scopic size of the cell (in order to capture spatiotem-
poral variations of potential, concentration, etc.). The 
general form of the mass transport equation for species 
𝑖 in a porous electrode with fixed (in space and time) po-
rosity 𝑝 is 
𝑝
𝜕𝑐௜
𝜕𝑡
+ 𝑝∇ ∙ 𝒋௜ = 𝑠௜ , (2)  
where 𝑐௜ is concentration of species 𝑖, 𝒋௜ is its associated 
molar flux vector, and 𝑠௜ is the local ion source term (a 
signed quantity, negative during charging). The molar 
flux vector 𝒋௜ has convection, electromigration, and dif-
fusion contributions and can be expressed as 
𝒋௜ = 𝒖𝑐௜ − 𝜇௜𝑐௜∇𝜙 − 𝐷௜∇𝑐௜ , (3)  
where 𝒖 is local flow velocity, 𝜙 is electric potential, and 
𝐷௜ and 𝜇௜  are respectively tortuosity-corrected diffusiv-
ity and electric mobility of species 𝑖 in the porous elec-
trode. We here use a simple correction for diffusivity 
and mobility using tortuosity as 𝐷௜ = 𝐷௜,ஶ/𝜏 and 
𝜇௜ = 𝜇௜,ஶ/𝜏, where 𝜏 is tortuosity and 𝐷௜,ஶ and 𝜇௜,ஶ are 
respectively diffusivity and mobility of species 𝑖 in free 
solution. Further, we relate tortuosity and porosity 
through the Bruggeman relation38,39 as 𝜏 = 1/ඥ𝑝. We 
assume electroneutrality holds in the spacer and elec-
trode pores (far from electric double layers (EDLs)). So, 
for a binary and symmetric electrolyte, 𝑐ା = 𝑐ି = 𝑐. 
We model dynamics of the EDL structure with a simple 
Helmholtz model. This implies a constant and uniform 
EDL capacitance and unity charge efficiency. We further 
neglect bulk flow (𝒖 = 0). With these assumptions, we 
take a localized, small-volume average of the transport 
equations for anions and cations and arrive at the fol-
lowing forms for electrodes and spacer 
𝑝௘
𝜕𝑐
𝜕𝑡
− 𝑝௘𝐷௘∇ଶ𝑐 =
1
2𝐹
𝜕𝜌
𝜕𝑡
 , (electrode) (4)  
𝑝௦
𝜕𝑐
𝜕𝑡
− 𝑝௦𝐷௦∇ଶ𝑐 = 0 ,              (spacer) (5)  
where 𝑝௘  and 𝑝௦ are respectively the porosity of elec-
trodes and spacer. Similarly, 𝐷௘ and 𝐷௦ are tortuosity-
corrected diffusivity of ions in electrodes and spacer. 𝐹 
is Faraday’s constant, and 𝜌 is stored charge density (in 
units of Coulombs per electrode volume). We further 
subtract transport equations for anions and cations and 
arrive at the current conservation equation in the elec-
trode  
𝜕𝜌
𝜕𝑡
= 𝑝௘∇ ∙ 𝒊௜௢௡ , (6)  
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where 𝒊௜௢௡ is the local ionic current density and can be 
written as 𝒊௜௢௡ = 𝜎௜௢௡∇𝜙 (Ohm’s law) inside the elec-
trodes, where 𝜎௜௢௡ is electrolyte conductivity in the 
electrode. We note that Ohm’s law is valid for binary 
and symmetric electrolyte (where diffusive current van-
ishes). Similarly, ionic current density in the spacer is 
also given by 𝒊௜௢௡ = 𝜎௜௢௡∇𝜙. See Trainham and New-
man,40 Biesheuvel and Bazant,41 and Hemmatifar et al.32 
for similar formulations of porous electrode systems. In 
this work, we use conductivity of a propylene carbonate 
solution of tetraethylammonium tetrafluoroborate 
(TEA-TFB) at 25 ℃ reported by Tyunina et al.42 To this 
end, we first interpolate conductivity of free solution 
from the concentration-conductivity data (𝜎௜௢௡,ஶ) and 
then correct it for tortuosity as 𝜎௜௢௡ = 𝜎௜௢௡,ஶ/𝜏 using 
the Bruggeman relation.  
 The balance between ionic current density in the 
electrolyte (𝒊௜௢௡), electronic current density in electrode 
matrix (𝒊௘௟௘௖), and external current can be written as  
𝑝௘𝒊௜௢௡ + (1 − 𝑝௘)𝒊௘௟௘௖ = 𝒊௘௫௧  , (7)  
where 𝒊௘௫௧ is the applied (external) current. Conserva-
tion of current in the spacer region (where no charge 
storage takes place) requires that the ionic current den-
sity is spatially uniform, i.e. ∇ ∙ 𝒊௜௢௡ = 0. So, in the one-
dimensional case, ionic current density in the spacer is 
simply 
𝑝௦𝒊௜௢௡ = 𝒊௘௫௧  .     (spacer) (8)  
We adopt a Helmholtz EDL model and relate electrolyte 
and electrode matrix potentials as 
𝜙 − 𝜙௘ = 𝜌/𝐶 , (9)  
where 𝜙௘ is electrode matrix potential and C is specific 
capacitance for the EDL (in units of Farads per electrode 
volume). Note that current density in the electrode fol-
lows Ohm’s law, 𝒊௘௟௘௖ = 𝜎௘௟௘௖∇𝜙௘, where 𝜎௘௟௘௖ is elec-
tronic conductivity of electrode matrix. This conductiv-
ity is representative of, for example, compacted acti-
vated carbon powder.43 With these assumptions, we 
take divergence of eq 9 and combine it with eq 7 to ex-
press the current balance equation in terms of model 
variables 𝑐, 𝒊௜௢௡, and 𝜌 as 
൬
1
𝜎௜௢௡
+
𝑝௘
(1 − 𝑝௘)𝜎௘௟௘௖
൰ 𝒊௜௢௡ 
=
𝒊௘௫௧
(1 − 𝑝௘)𝜎௘௟௘௖
+
1
𝐶
∇𝜌 .   (electrode) 
)10 (
We stress that eqs 8 and 10 respectively describe ionic 
current density in the spacer and electrodes. In the case 
of known applied current (either constant or time-vary-
ing 𝒊௘௫௧), the set of eqs 4-6, 8, and 10 fully describe 
charge/discharge dynamics of the cell. In the case where 
external voltage (and not external current) is known, 
however, we need to enforce an extra condition to en-
sure consistency between external current and the re-
sulting voltage. To this end, we set solution potential to 
zero at the midplane of the cell (symmetry plane), inte-
grate the electric field along the cell (from 𝑥 = 0 to      
𝑥 = 𝐿௦/2 + 𝐿௘), and use the potential equation          
(𝜙 − 𝜙௘ = 𝜌/𝐶) to arrive at 
𝒊௘௫௧
𝑝௦
න
1
𝜎௜௢௡
d𝑥
௅ೞ
ଶ
଴
+ න
𝒊௜௢௡
𝜎௜௢௡
d𝑥
௅ೞ
ଶ ା௅೐
௅ೞ
 
−𝑉௘௫௧/2 = 𝜌෤/𝐶 , 
)11 ( 
where 𝑉௘௫௧ is (constant or time-varying) external volt-
age, and 𝜌෤ is stored charge density evaluated at the 
electrode-current collector interface. Note that eq 11, 
at any given time, is linear in 𝒊௘௫௧ and 𝑉௘௫௧, and so the 
 
Figure 2. (a) Stored charge density in an electrode with high 
electrical conductivity (i.e. 𝜎௘௟௘௖ = 300 S/m ≫ 𝜎௜௢௡) as in 
traditional porous electrode systems versus position in a sin-
gle electrode at various times during constant voltage charg-
ing at 2.7 V. (b) Schematic of the ionic and solid electrode 
transmission line models for porous electrode system. Ionic 
current entering from the spacer to the left quickly converts 
to electronic current to take advantage of the high electrode 
matrix conductivity (𝜎௘௟௘௖ = 300 S/m) compared to the solu-
tion in pores (𝜎௜௢௡ ≈ 1 S/m). Consequently, charge is prefer-
entially diverted to capacitive sites near the spacer. Near-
spacer capacitive sites must be saturated before additional 
charge penetrates into electrode. 
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formulation is reminiscent of Ohm’s law for an ideal re-
sistor. Boundary and interface conditions are as follows: 
(1) zero mass flux and ionic current at electrode-current 
collector interface (∇𝑐 = 0 and 𝒊௜௢௡ = 0) 
(2) symmetry in concentration (∇𝑐 = 0 at the midplane) 
(3) continuity of concentration 
(4) continuity of mass flux (𝑝௦𝐷௦∇𝑐|௦ = 𝑝௘𝐷௘∇𝑐|௘) and 
ionic current (𝑝௦𝒊௜௢௡|௦ = 𝑝௘𝒊௜௢௡|௘) at spacer-elec-
trode interface 
We here focus mostly on constant voltage charging, but 
note that high rate constant current charging shows 
similar effects. We implement this model in COMSOL 
Multiphysics (COMSOL Inc., Burlington, MA) using the 
equation-based modeling interface. We simulate a  
𝐴௘ = 10 cmଶ area cell with spacer thickness of            
𝐿௦ = 100 μm and electrode thickness of 𝐿௘ = 200 μm 
(i.e., total cell thickness of 500 μm). Due to the sym-
metry of the model, we only solve for half of the cell. In 
all simulations, we consider electrode material with vol-
umetric capacitance of 200 F/cmଷ, porosity of 0.8,    
tortuosity of unity, and 0.8 mol/L concentration of 
TEA/TFB in propylene carbonate. 
 
5. Results and discussion 
5.1. Electrolyte depletion in an electrode with uni-
formly high conductivity (traditional design) 
The local spatial distribution of electrolyte depletion de-
pends strongly on the electrode conductivity. Common 
electrode materials traditionally have conductivities 
much higher than those of electrolyte solutions. The 
high conductivity of the electrode favors flow of elec-
tronic current in the electrode matrix rather than ionic 
current in the pore space. See Figure S1 of the Supple-
mentary Information (SI) for the partition of current be-
tween the pore space versus the electrode matrix.       
Figure 2a shows stored charge density as a function of 
depth in the electrode simulated for constant voltage 
charging at 2.7 V with an electrode matrix conductivity 
𝜎௘௟௘௖ = 300 S/m. The high (electrical) conductivity of 
the electrode compared to the solution causes prefer-
ential charging of the electrode near the spacer inter-
face. The lowest resistance path for current is conver-
sion from ionic to electronic flux as early as possible, 
with charging of the “front” of the electrode near the 
spacer as shown schematically in Figure 2b. Only when 
the electrode is highly charged locally and a significant 
local potential difference builds up between the elec-
trode surface and solution, does the ionic current prop-
agate deeper into the electrode. 
 We here show that the conventional design strategy 
of maximizing electrode conductivity can cause local de-
pletion and a self-imposed starvation of the electrode. 
Note, the charging at the spacer/electrode interface 
corresponds to localized depletion of the electrolyte in 
this region. Figure 3a shows the effect of high electrode 
conductivity on depletion throughout the cell at various 
times. Other parameters used here are identical to 
those in Figure 2. The non-uniform charging creates a 
“valley” in concentration and conductivity near the en-
trance of the electrode. The local volume depleted of 
electrolyte is a high resistance in series with the rest of 
 
Figure 3. Electrolyte depletion in an electrode with high ma-
trix conductivity (i.e. 𝜎௘௟௘௖ ≫ 𝜎௜௢௡) (a) Conductivity (left ordi-
nate) and concentration (right ordinate) of electrolyte versus 
position in half of cell (symmetry line at 𝑥 = 0) at various 
times during constant voltage charging at 2.7 V for electrode 
with high conductivity (𝜎௘௟௘௖ = 300 S/m). Vertical dashed 
line is the spacer-to-electrode interface. (b) Solution resistiv-
ity profile at 𝑡 = 4 s showing localized depletion near 
spacer/electrode interface. (c) Schematic of “front-to-back” 
charging. High electrode conductivity leads to localized 
charging near electrode/spacer interface. Resulting deple-
tion creates a high resistance barrier that impedes ionic cur-
rent. 
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the electrode as shown in Figure 3b. The depletion re-
gion forms a high resistance barrier. The electrode re-
gions to the right of this barrier are high in electrolyte 
concentration but the electrolyte is isolated and 
“trapped” within the deeper regions of the electrode. 
This impedes ionic current which must access the rest of 
the electrode (where electrolyte remains plentiful) to 
continue the charging process (Figure 3c).  
 
5.2. Comparison case of low electrode conductivity 
(also resulting in non-uniform charging) 
Before exploring optimal configurations of conductivity 
profiles, we consider the useful comparison case of an 
electrode with (electrical) conductivity uniformly lower 
than the initial electrolyte (ionic) conductivity. We show 
model results for such a case in Figure 4. Here, the path 
for ionic conduction through the electrode pore space 
offers lower resistance than electronic conduction 
through the electrode material. Ionic current is then 
driven through the electrode to the near-terminal re-
gion on the right (the “back” of the electrode as in        
Figures 4a and 4c) before it is converted to electronic 
current by adsorption into the double layer (Figure 4c). 
This extreme case results in a depletion region begin-
ning at the rear of the electrode which grows with an 
interface moving toward the entrance (toward the left) 
as charging progresses. Figure 4a shows solution con-
ductivity and concentration versus depth within one 
electrode at various charging times for electrode con-
ductivity of 1 S/m (compare to initial solution conduc-
tivity of 1.09 S/m). For this case, the ionic current never 
experiences a region of high resistance as it is always 
moving through less depleted regions with the depleted 
regions existing where charging has already completed 
(Figure 4c). The electronic current, however, always ex-
periences the now significant (overly high and uniform 
value of) resistance of the electrode. 
 
5.3. Proposed electrode with reduced and non-uni-
form conductivity for spatially uniform depletion  
We here present our proposed design of a porous elec-
trode with non-uniform and decreased values of con-
ductivity to achieve approximately (spatially) uniform 
charging and electrolyte depletion. As we showed in  
Figures 2, 3, and 4, the electrode conductivity is essen-
tial in governing the spatiotemporal response of the 
ionic current and the resulting depletion. Here we con-
sider modifications to the electrode conductivity profile 
to achieve more uniform depletion throughout the elec-
trode. It is important to note that equal ionic and elec-
trode conductivity does not lead to uniform depletion 
(this condition instead results in local depletion zones 
forming at the front and rear of the electrode, propagat-
ing rearward and frontward, respectively). Instead, a 
spatially varying electrode conductivity is required to 
produce spatially uniform depletion. 
We derive this analytically from our porous electrode 
model capturing non-uniform electrode conductivity 
profiles. From eq 6, the local rate of depletion is propor-
tional to the divergence of the ionic current at all points 
in the electrode (𝜕𝜌/𝜕𝑡 = 𝑝௘∇ ∙ 𝑖௜௢௡). A uniform diver-
gence of ionic current in the electrode (i.e. a linearly var-
ying ionic current) implies a uniform rate of depletion at 
 
Figure 4. Electrolyte depletion in an electrode with uniformly 
very low conductivity (i.e. 𝜎௘௟௘௖ < 𝜎௜௢௡). (a) Conductivity (left 
ordinate) and concentration (right ordinate) of electrolyte 
versus position in half of cell at various times during constant 
voltage charging at 2.7 V for electrode with low conductivity 
(𝜎௘௟௘௖ = 1 S/m). (b) Solution resistivity profile at 𝑡 = 4 s
showing localized depletion near electrode/current collector 
interface. (c) Schematic of “back-to-front” charging. Low 
electrode conductivity leads to localized charging at the rear 
of the electrode near the electrode/current collector inter-
face. Resulting depletion creates a high resistance region in 
the solution, but the ionic current never has to traverse this 
region. The electronic current in the matrix however experi-
ences a uniformly high resistance. 
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that instant in time. For uniform depletion rate in the 
volume-averaged one-dimensional model considered 
here, we then require 
𝒊௜௢௡ =
1
𝑝௘
(1 − 𝜉)𝒊௘௫௧  , (12) 
where 𝜉 = (𝑥 − 𝐿௦/2)/𝐿௘ is a dimensionless parameter 
representing location (depth) into the electrode. (𝜉 = 0 
is at the electrode-solution interface, and 𝜉 = 1 is at the 
electrode/current-collector interface). Substituting 
eq 12 into eq 10 and considering a uniformly charged 
electrode state (∇𝜌 = 0; i.e. 𝜌 constant everywhere), 
we derive a relationship between the required spatial 
dependence of electrode conductivity and solution con-
ductivity to produce instantaneously uniform depletion  
𝜎௘௟௘௖ =
𝜉
1 − 𝜉
 
𝑝௘
1 − 𝑝௘
𝜎௜௢௡ , (13) 
which is a hyperbola in 𝜉. For this state, there is no de-
pendence on external current and the required elec-
trode conductivity distribution depends solely on the so-
lution conductivity distribution via eq 13. To produce ex-
actly uniform depletion over a finite time, the electrode 
conductivity must be time varying. However, as we 
show here, a time-invariant electrode conductivity dis-
tribution chosen to match the solution conductivity at a 
moderate level of depletion can provide a highly spa-
tially uniform depletion rate over a large range of con-
centration change.  
 Figure 5 shows the electrode conductivity distribu-
tions considered in this work: a (traditional) high con-
ductivity electrode (case 𝑖), a low conductivity electrode 
(case 𝑖𝑖), an electrode with discrete conductivity values 
(case 𝑖𝑖𝑖), and a continuously spatially varying electrode 
as given by eq 13 (case 𝑖𝑣). The latter case is parameter-
ized to produce a perfectly uniform depletion rate in our 
cell for a state corresponding to uniform charging and a 
uniform solution concentration of 0.445 mol/L 
(0.76 S/m), i.e. after ~30% depletion. For case 𝑖𝑣, we 
limited the conductivity of the electrode to 1.45 mS/m 
 
Figure 6. (a) Stored charge density in the tailored electrode 
with hyperbolic form conductivity (eq 13) versus position in 
a single electrode at various times during charging at 2.7 V. 
The charge density remains highly uniform until late times, 
where complete electrolyte depletion in the electrode leads 
to an increase in non-uniformity. (b) Schematic transmission 
line model for porous electrode with varying conductivity. 
Electrode matrix conductivity is limited to 1.45 mS/m and 
62 S/m for the lower and upper bounds, respectively. 
 
 
Figure 5. Electrode conductivity distributions considered in 
this work. The uniformly high conductivity (traditional) and 
uniformly low conductivity electrodes are denoted as 𝑖 and 
𝑖𝑖, respectively. The two versions of our proposed porous 
electrode with piecewise constant and hyperbolic form elec-
trode conductivities are denoted as 𝑖𝑖𝑖 and 𝑖𝑣. The curve of 
case 𝑖𝑣 is an analytically derived function for the electrode 
conductivity distribution leading to uniform electrolyte re-
moval. The curve of case 𝑖𝑖𝑖 is a simplified, discrete represen-
tation of this theoretical curve. The inset displays conductiv-
ity on a logarithmic scale to more clearly show small changes 
in conductivity near the spacer. 
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and 62 S/m at the front and back of the electrode, re-
spectively, to avoid numerical instabilities due to exces-
sively low or high conductivity. Case 𝑖𝑖𝑖 is a simple dis-
crete representation of the theoretical curve of case 𝑖𝑣 
for ease in manufacturing. The electrode in this case 
consists of five segments with constant conductivity 
equal to the mean value of the continuously varying dis-
tribution at each segment midpoint (0.36, 1.33, 3.0, 6.8, 
and 24.4 S/m).  
Figure 6 shows the spatiotemporal charging dynam-
ics for our hyperbolic form conductivity profile (case 𝑖𝑣) 
designed to charge the electrode more uniformly (and 
to avoid local depletion zones). In Figure S1 of the SI, we 
show this conductivity profile results in nearly linear cur-
rent distributions over a large range of times which re-
sult in uniform charging of the electrode. The resulting 
charge distribution in Figure 6a is significantly more uni-
form than either the high electrode conductivity          
(Figure 3) or low electrode conductivity case (Figure 4) 
over these times. At later times (e.g. > 10 s), charging 
becomes less uniform with preferential charging at the 
electrode/spacer interface. This effect is the result of es-
sentially complete electrolyte depletion in the elec-
trode, as we will see in Figure 7. Additionally, we show 
a schematic of the transmission line model for the elec-
trode with varying conductivity in Figure 6b. Note how a 
progressive increase of conductivity of electrode matrix 
with depth evenly distributes charging current.  
 Note, the electrode conductivity distribution was pa-
rameterized to generate uniform removal rate from a 
solution with an instantaneous uniform conductivity of 
0.76 S/m (0.45 mol/L concentration). The initial solu-
tion for this case is somewhat more conductive 
(1.09 S/m). Consequently, current paths leading to 
charging at the rear of the electrode are initially slightly 
favored, but the charging profiles remain quite uniform 
compared to the single valued (uniform) electrode con-
ductivity cases. Between 𝑡 = 2 s and 5 s, the conductiv-
ity of the solution is sufficiently reduced that current 
paths leading to charging of the front of the electrode 
are then slightly favored resulting in a highly uniform 
state of charge at e.g. 𝑡 = 4 s.  
The relatively uniform charging corresponds to uni-
form reduction in electrolyte concentration throughout 
the electrode as charging proceeds (Figure 7a). This uni-
formity forestalls the formation of any high resistance 
regions in the solution permeating the pore space as 
seen in Figure 7b. Ionic current is allowed to flow 
through the entire depth of the electrode without sig-
nificant impediment (Figure 7c). Continuously increas-
ing electrode matrix conductivity gradually converts 
ionic current entering from the spacer to the right into 
electronic current in the matrix and charges the elec-
trode uniformly. The resulting uniform and reduced de-
pletion prevents the creation of high resistance regions 
in the solution while also not unnecessarily impeding 
the electronic current in the electrode matrix.  
 One consequence of the elimination of the localized 
high resistance region corresponding to depletion is re-
duction of the magnitude of electric field in solution dur-
ing charging. Our simulations show a dramatic reduction 
in the maximum electric field in solution (up to 7 ×) dur-
ing much of the charging period for the tailored re-
sistance electrode compared to the traditional high con-
ductivity case (see Section S.4 and Figure S4 of the SI). 
Additionally, our results show that a smooth electrode 
 
Figure 7. Electrolyte depletion for the continuously variable 
electrode conductivity shown in Figure 5. (a) Conductivity 
(left ordinate) and concentration (right ordinate) of electro-
lyte versus position in half of cell at various times during con-
stant voltage charging at 2.7 V for electrode with low con-
ductivity near the spacer (𝜎௘௟௘௖ = 1.45 mS/m) and high con-
ductivity near the current collector (𝜎௘௟௘௖ = 62 mS/m). 
(b) Solution resistivity profile at 𝑡 = 4 s showing uniform and 
reduced depletion throughout the electrode. (c) Schematic 
of uniform charging.  
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conductivity distribution is not required to produce this 
highly uniform depletion. In Figure S2 of the SI, we show 
the electrode with piecewise constant conductivity 
gives very similar results. We attribute this to the effect 
of electrolyte diffusion and capacitive response of the 
electrode material, where both act to reduce spatial 
non-uniformities during depletion. Importantly, the 
stepped conductivity profile (rather than a hyperbolic 
form) should significantly facilitate the electrode fabri-
cation process. 
In the next two sections, we will explore the effects of 
our proposed design for reduced and non-uniform elec-
trode conductivity on charging time and energy con-
sumption. 
 
5.4. Effect of electrode conductivity magnitude and 
profile on charging rate of system 
We here demonstrate increase in charging rate by tai-
loring electrode conductivity. The custom-tailored re-
sistance is designed to avoid a local depletion, and this 
serves to improve overall (system volume averaged) 
charging rate. Note that decreasing the conductivity of 
the electrode is in contrast to traditional approaches 
which attempt to minimize all sources of resistance.6 
Figure 8a shows the time to reach a given state of 
charge for each of the electrode conductivity cases con-
sidered earlier (c.f. Figure 5). The inset gives the charg-
ing current density (𝑖௖௛, current per cell surface area of 
𝐴௘ = 10 cmଶ) versus time. The traditional case               
(labeled 𝑖) initially shows the fastest charging but 
quickly (< 1 s) develops a strong depletion region near 
the spacer (c.f. Figure 3). This depletion significantly lim-
its the rate of further charging, resulting in a rapidly de-
creasing charging current. The low and uniform conduc-
tivity case (labeled 𝑖𝑖) shows charging which is always 
limited by the electrode resistance, with a slower but 
less variable charging rate. In contrast to these, the tai-
lored electrode cases 𝑖𝑖𝑖 and 𝑖𝑣 start off with an inter-
mediate charging current but quickly (at 𝑡 = 1 s) over-
takes the current of the traditional case 𝑖, as the more 
spatially uniform electrolyte concentration of cases 𝑖𝑖𝑖 
and 𝑖𝑣 provides lower ionic resistance. As a result of 
these mechanisms, the tailored electrodes (𝑖𝑖𝑖 and 𝑖𝑣) 
take a similar time as the traditional case 𝑖 to reach rel-
atively low levels of charge (e.g. 𝑞 = 75 C/cmଷ) but 
take much shorter time to charge near capacity (e.g.  
𝑞 = 125 C/cmଷ). Here, 𝑞 is the stored charge normal-
ized by single electrode volume (0.2 cmଷ). We also show 
the average charging rate, defined as cumulative charge 
per time, 𝑞/𝑡, in Figure 8b for each case charged to     
𝑞 = 75 and 125 C/cmଷ. At 𝑞 = 75 C/cmଷ, the average 
charging rate of tailored electrodes (cases 𝑖𝑖𝑖 and 𝑖𝑣) are 
shown to slightly exceed that of the two other cases. 
 
Figure 8. (a) Charging time to reach given charge state 𝑞 (charge normalized by single electrode volume of 0.2 cmଷ) for the 
four electrode conductivity cases considered here. The inset shows corresponding charging current density (𝑖௖௛, current per 
cell surface area of 10 cmଶ) versus time. Decrease of electrode conductivity decreases initial charging rates at very early times, 
but uniformly high conductivity electrodes (case 𝑖) can quickly develop depletion zones which subsequently strongly limit 
charging rate resulting in long charge times. (b) Average charging rate of each case at charge states of 𝑞 = 75 and 125 C/cmଷ. 
The variable conductivity electrode designs (cases 𝑖𝑖𝑖 and 𝑖𝑣) avoid depletion, and thus their charging rates quickly surpass the 
charging rate of the traditional electrodes (case 𝑖). At 𝑞 = 125 C/cmଷ the average charging rate is 2-fold that of the traditional 
electrode. 
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However, at 𝑞 = 125 C/cmଷ, the average charging rate 
of the tailored electrodes is about 2 times that of the 
traditional electrode. This dramatic increase in charging 
rate is achieved with an overall lower conductivity of the 
electrode which is tailored to avoid the adverse effects 
of depletion near the spacer on charging dynamics of 
the system. 
 
5.5. Effect of electrode conductivity magnitude and 
profile on energy loss 
In traditional systems, most of the energy loss in the 
electrode region is due to low conductivity of the elec-
trolyte (compared to the electrode). Hence, it is im-
portant to explore the effect of decreasing electrode 
conductivity to achieve more uniform and faster charg-
ing. Figure 9 shows plots of cumulative resistive energy 
loss during charging at 2.7 V for each of the four elec-
trode conductivity cases of Figure 5. In Figure 9a, we 
show total cumulative resistive loss versus stored 
charge. The high conductivity electrode shows the low-
est loss. However, the variable conductivity electrodes 
show only slightly higher losses. For example, for the 
cases we explored, variable conductivity electrode en-
ergy losses never exceed 5% additional loss compared 
to the high conductivity case and return close to the 
high conductivity loss value at the highest stored 
charges where depletion is most severe. The low con-
ductivity electrode shows the highest loss, but still            
< 15% greater than the high conductivity case despite 
having an initial characteristic cell resistance which is 
~100% larger. Figure 9b shows the contributions of the 
solution, 𝐸௟௢௦௦,௜௢௡, and electrode, 𝐸௟௢௦௦,௘௟௘௖, to resistive 
loss versus time, as given by
 
𝐸௟௢௦௦,௜௢௡(𝑡) = 2𝐴௘ න ቈ𝑝௦ න
𝑖௜௢௡ଶ
𝜎௜௢௡
d𝑥
௅ೞ/ଶ
଴
+ 𝑝௘ න
𝑖௜௢௡ଶ
𝜎௜௢௡
d𝑥
௅ೞ/ଶା௅೐
௅ೞ/ଶ
቉ d𝑡ᇱ
௧
଴
 , (14) 
𝐸௟௢௦௦,௘௟௘௖(𝑡) =  2𝐴௘(1 − 𝑝௘) න න
𝑖௘௟௘௖ଶ
𝜎௘௟௘௖
d𝑥
௅ೞ/ଶା௅೐
௅ೞ/ଶ
d𝑡ᇱ
௧
଴
 . (15) 
The high conductivity electrode energy dissipation is 
dominated by solution loss since the resistance of the 
electrode is minimal. All electrodes with decreased con-
ductivity show higher electrode losses as expected, but 
also show significantly reduced solution resistance 
losses compared to the high conductivity electrode due 
to the suppression of depletion at the electrode-spacer 
interface. The net effect is a minimal increase in resistive 
losses for electrodes with decreased conductivity (e.g. 
as discussed above, < 5% increase in energy loss for 
variable conductivity electrodes).  
 
Figure 9. Cumulative resistive energy loss during charging at 2.7 V for the various electrode designs explored. (a) Total cumu-
lative resistive loss for each of the four electrode conductivity cases versus stored charge. The (traditional) high conductivity 
electrode (case 𝑖) shows lowest total loss, but the non-uniform and lower conductivity electrodes (case 𝑖𝑖𝑖 and 𝑖𝑣) show < 5%
additional loss. The spatially uniform, lower conductivity electrode (case 𝑖𝑖) shows < 15% additional loss. (b)-(e) Electrode and 
solution energy loss (𝐸௟௢௦௦,௘௟௘௖  and 𝐸௟௢௦௦,௜௢௡) contributions to resistive loss as a function of time. Increases in electrode resistive 
losses are largely offset by decreased solution resistive losses resulting from the decreased effect of localized depletion. 
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We here discuss energy loss in discharge phase, dur-
ing which both electrolyte concentration and solution 
conductivity increase. Consequently, for discharge, the 
problem of electrolyte depletion does not exist and the 
total loss depends on the electrode conductivity and 
rate of discharge. In Figure S3 of the SI, we show resis-
tive energy loss for complete discharge (to 0 V cell volt-
age) from 𝑞 = 150 C/cmଷ charge versus discharge rate. 
Our results show that, during discharge, the resistive 
loss for tailored electrodes is in general higher than that 
of conventional electrodes (although, at low discharge 
rates, the additional energy loss during discharge is neg-
ligibly small). Tailoring electrode conductivity to reduce 
localized depletion is, therefore, most applicable in situ-
ations with rapid charging and slower discharging. Such 
asymmetry is common in many electrochemical energy 
storage applications such as electric vehicles.44 Addi-
tionally, we note that a number of battery chemistries 
(e.g. Li-ion and Pb-acid) experience electrolyte deple-
tion on discharge as well. In these cases, high rate dis-
charge may likewise benefit from the tailoring of elec-
trode resistance. Furthermore, the electrode conductiv-
ity need not be symmetric on charge and discharge. For 
example, we hypothesize that the addition of a rectify-
ing capability in the electrode could largely remove the 
additional loss on discharge and reduce discharge time 
constant while retaining the desired resistivity gradients 
during charge. 
  
6. Conclusions 
Depletion of electrolyte in electrochemical systems can 
have dramatic effects on their charging time responses 
and contribute to energy loss as well as system lifetime 
reduction. Maximization of electrode conductivity, as in 
traditional porous electrodes, can minimize energy loss, 
but also promotes highly localized depletion and elec-
trolyte starvation of the electrode. We proposed a new 
approach wherein we reduce and control the distribu-
tion of matrix conductivity in porous electrodes as a 
means to avoid ion depletion and achieve highly uni-
form charging of the electrode. This can be used to im-
prove charging response of electrochemical systems 
such as supercapacitors via the counterintuitive ap-
proach of increasing electrode resistance.  
 We presented a transmission line analogy useful in 
describing the principle of spatially non-uniform re-
sistance electrodes to achieve uniform charging. Fur-
ther, we developed a porous electrode theory transport 
model which captures the effect of electrode conductiv-
ity magnitude and distributions. We used this model to 
show that spatially tailoring of the electrode conductiv-
ity is required to produce uniform depletion. We devel-
oped an analytical expression for a time-invariant distri-
bution of electrode conductivity that achieves largely 
uniform charging. We also presented a piecewise con-
stant function which approximates the behavior of this 
idealized distribution and captures most of its benefit. 
We showed the reduction in localized electrolyte deple-
tion achieved by the non-uniform electrode conductiv-
ity distribution can result in 2-fold increase in average 
charging rate. Using the porous electrode model, we 
showed that reductions in electrode conductivity do 
contribute to resistive loss, as expected, but this loss is 
largely counterbalanced by the decreased resistive loss 
in solution corresponding to depletion. A penalty in en-
ergy efficiency and response time is also paid during dis-
charge for the reduced conductivity in the electrode. 
However, as discharge rate is decreased, this loss be-
comes negligibly small. 
 Here we modeled systems representative of super-
capacitors for high rate energy storage, but this ap-
proach has broad application to many electrochemical 
systems. As an example, CDI systems are particularly 
susceptible to localized depletion effects.30 Improved 
uniformity of depletion can likely enhance throughput 
of these systems. Furthermore, improvement of deple-
tion uniformity using electrode resistance tailoring may 
provide a mechanism to combat the high field condi-
tions associated with dendrite growth in certain battery 
chemistries.26  
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Abstract 
This document contains supplementary information and 
figures further discussing ionic and electronic currents 
in our tailored electrode design, charging response of 
the piecewise constant conductivity design, energy loss 
considerations during discharge, and electric field distri-
bution during charging. 
 
S.1 Effect of electrode conductivity on partition of 
electronic and ionic currents 
Figure S1 shows the division of current between the 
pore space (ionic current) and the electrode matrix 
(electronic current) as a function of depth into the elec-
trode for charging at 2.7 V. All other parameters are 
identical to those of Figures 2 and 6 of the main text. 
Figures S1a and S1b correspond to the conventional 
electrode (with 𝜎௘௟௘௖ = 300 S/m) and the hyperbolic-
form conductivity electrode (tailored electrode), re-
spectively. Unlike the conventional electrode, the tai-
lored conductivity electrode results in nearly linear ionic 
and electronic current distributions over a large range 
of times. The divergence of these current distributions 
is thus quite uniform with position which results in uni-
form charging of the electrode.  
 
S.2 Charging response of piecewise constant electrode 
conductivity 
Diffusion of electrolyte in solution and the capacitive re-
sponse of the electrode material both act to suppress 
spatial non-uniformities during depletion. As a result, a 
smooth electrode conductivity distribution is not re-
quired to produce highly uniform depletion. In                
Figure S2, we show electrolyte depletion for an elec-
trode with the piecewise constant, “stairstep” conduc-
tivity distribution shown in Figure 5 of the main text. At 
early times (< 1 s), there are small spatial fluctuations 
in depletion corresponding to the abrupt variations in 
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conductivity, but these rapidly decay to produce con-
ductivity profiles indistinguishable from the electrode 
with smoothly varying conductivity. We expect the 
stepped conductivity profile to provide for significantly 
easier fabrication of the electrode. 
 
S.3 Energy loss of discharge process 
During discharge, electrolyte concentration and solu-
tion conductivity increase. We expect control of the ion 
release process and distribution to have a much smaller 
effect on discharge energy loss than electrolyte deple-
tion during charging. For electrodes with lower conduc-
tivity, we also expect larger discharge losses associated 
with the low electrode conductivity. However, in all 
cases, the total loss depends on the rate of discharge. 
 Figure S3 shows resistive energy loss for complete 
discharge (to 0 V cell voltage) from 𝑞 = 150 C/cmଷ 
charge versus discharge rate. As expected, the elec-
trodes with decreased conductivity show greater loss 
compared to the uniformly high conductivity case. How-
ever, at lower discharge rate (lower discharge current 
density 𝑖ௗ௜௦௖ ), the additional energy loss during dis-
charge is negligibly small. Tailoring electrode conductiv-
ity to reduce localized depletion is, therefore, most ap-
plicable in situations with rapid charging and slower dis-
charging. 
 As mentioned in the main text, such asymmetry is 
common in many electrochemical energy storage appli-
cations such as electric vehicles.1 For comparison, with 
the cell considered, discharge times of about 2.3, 10, 
and 50 min (200, 50, and 10 mA discharge currents) 
correspond to 4.6 ×, 20 × and 100 × slower discharge 
rates, respectively, compared to the constant voltage 
charging time of about 30 s (see Figure 8 of the main 
text). At these rates, energy losses on discharge for hy-
perbolic form conductivity electrode (case 𝑖𝑣 in Figure 9 
of the main text), are only 8%, 2%, and 0.4% of energy 
2 
loss at charging, respectively. We also note that a num-
ber of battery chemistries (e.g. Li-ion, Pb-acid) experi-
ence electrolyte depletion on discharge as well. In these 
cases, high rate discharge may likewise benefit from the 
tailoring of electrode resistance. 
 
S.4 Electric field distribution during charging 
The localized charging and electrolyte depletion created 
by the traditional high conductivity electrode also leads 
to large, highly concentrated electric fields. Figure S4 
shows the electric fields in solution permeating the elec-
trode at various times during charging at 2.7 V for the 
high conductivity and hyperbolic tailored conductivity 
cases. The confined region of high solution resistance 
due to electrolyte depletion in the traditional case pro-
duces a strong peak in electric field which corresponds 
to the depleted region throughout the charging period. 
 
Figure S1. Current flow in (a) an electrode with high electrical conductivity (𝜎௘௟௘௖ = 300 S/m ≫ 𝜎௜௢௡) as in traditional porous 
electrode systems and (b) a tailored electrode with hyperbolic distribution of conductivity. Shown is the ionic current in pore 
space (dashed blue curves) and electronic current in electrode matrix (solid red curves) versus position at various times during 
constant voltage charging at 2.7 V. In (b), nearly linear current profiles (and hence nearly uniform divergence of current) indi-
cate uniform charging of the electrode. We show plots of stored charge distribution versus time in Figures 3 and 7 of the main 
text. 
 
 
Figure S2. Conductivity of electrolyte versus position in half 
the cell at various times for piecewise continuous electrode 
conductivity distribution of Figure 5 of the main text. The 
simple piecewise distribution closely approximates the effect 
of the continuously varying conductivity profile but provides 
easier routes for manufacture. 
 
 
Figure S3. Resistive energy loss during complete constant 
current discharge (to 0 V cell voltage) versus discharge rate 
for all electrode conductivity cases. Reduced electrode con-
ductivity corresponds to greater dissipation, but loss during 
discharge is strongly mitigated by slower discharge rates. 
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In contrast, the tailored electrode, which more uni-
formly removes the electrolyte from solution, does not 
produce a localized region of high resistance impeding 
the ionic current.  Therefore, the voltage drop is more 
uniformly distributed throughout the electrode in this 
latter case, and the resulting electric field shows a much 
lower maximum. At late times (~10 s), once the electro-
lyte throughout the electrode has been mostly re-
moved, the tailored electrode also shows the effect of 
depletion resulting in a peak in electric field but still with 
lower maximum value than the traditional case. 
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Figure S4. Calculated electric field in solution for high conductivity and hyperbolic tailored conductivity cases during charging 
of the cell at 2.7 V for times indicated. Localized electrolyte depletion created by the traditional high conductivity electrode 
leads to large, highly concentrated electric fields. The tailored electrode more uniformly removes electrolyte from solution 
producing less intense, more evenly distributed electric fields. 
 
